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thin surface about its axis of symmetry in an incompressible couple stress fluid which is otherwise at
rest is studied. Expressions for the velocity and couple stress tensor components are obtained in
terms of modified Bessel functions and Gagenbauer’s polynomials. The couple experienced by
the permeable sphere due to the internal and external flow is evaluated. The more is couple stress
offered by the fluid (i.e. the lesser values of couple stress parameter), the more the fluid particles are
thrown away from the sphere. It is noticed that the internal flow is similar to viscous flow and the
couple acting on the sphere due to internal flow is zero. The problem differs from that of micro-
polar fluids.
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The classical problem of rotating fluid flow has been attracting
researchers since it has many industrial applications of cen-
trifugation: for example, the separation of minerals such as
gold, Uranium, extraction of proteins and other macro mole-
cules in biological and pharmaceutical operations, municipal
waste treatment. Mathematical analysis for rotary Stokes flow
for viscous fluids by Jeffery [1], Kanwal [2] and Greenspan [3]are classical. Kanwal [2] obtained an excellent elegant formula
for couple. Dennis et al. [4] did a pioneering work in presenting
a numerical method for the steady rotation of a sphere in a vis-
cous fluid for a wide range of Reynolds numbers. For a com-
prehensive study of rotary flows for theoretical and
experimental results with applications to atmospheric studies
and magneto-hydro dynamics up to 1975s one can refer Bush
et al. [5]. Glowinski et al. [6] studied the effect of inertia of the
particles on particulate flows by introducing a new method
called ‘‘Distributed Lagrange Multiplier based Fictitious
Domain method” (DLM/FD). Arbaret et al. [7] discussed
the effect of shape and orientation on rigid particle rotation
and matrix deformation in simple shear flow. Ashmawy [8]
obtained solution for rotational motion of an arbitrary
axisymmetric body in a viscous fluid by employing Sampsonlet
singularities along the axis of symmetry of the body.0.1016/j.
Nomenclature
q velocity vector
R, r dimensional and non-dimensional distance from
origin
l, g, g0 material constants known as viscosity and couple
stress viscosity coefficients
M couple stress tensor
m normal couple stress component
W, w dimensional and non-dimensional swirl
k couple stress parameter
X angular velocity of the sphere
q density
2 P. Aparna et al.In nature and industrial applications many fluids such as
volcanic lava, polymer fluids, drilling mud, cosmetic and food
products and exotic lubricants do not obey the Newtonian law.
Many researchers worked for evaluating couple on the rotat-
ing body. Palekar [9], Thomas and Walters [10] and Fosdick
and Kao [11] are few amongst who discussed the flow due to
rotation of sphere in non-Newtonian fluids.
Some fluids such as colloidal and suspension, liquid crystals
and animal blood show rotational (and hence couple stress)
effects of the fluid particle. Micro-polar fluid theory and Cos-
saret (Couple stress) fluid theory explain the behaviour of such
fluids. The basic theory and constitutive equations for couple
stress fluids, initially developed by Stokes [12], is one amongst
the polar fluid theories which consider couple stresses in addi-
tion to the classical Cauchy stresses. The theory by Stokes [13]
is the simplest one that obeys all the important effects of cou-
ple stresses in fluids caused due to the mechanical interactions
that occur inside a deforming continuum. The main striking
feature of this model is that the equations of motion are similar
to the Navier Stokes equations and hence comparison of the
results with that of the classical viscous fluids is easy. Laksh-
mana Rao and Iyengar [14] and Iyengar and Srinivasacharya
[15] have considered the couple stress fluid flows past axi-
symmetric bodies. Ramkisson [16] developed a general for-
mula for drag experienced by an axisymmetric body in terms
of a limit on the stream function of a couple stress fluid. Ram-
kisson [17] has obtained a general formula for the couple expe-
rienced by the body in a couple stress fluid in terms of toroidal
velocity which is similar to that obtained by Kanwal [2]. For
the case of rotation of a sphere in a micropolar fluid (which
is similar to couple stress fluid) the work done by Lakshmana
Rao et al. [18] is worth mentioning.
While abundant information is available for flows in an
infinite expanse of fluid, very little information is available
for flows in enclosures. And very little attention is paid for
the study of flow due to permeable bodies. Leonov [19] did
the pioneering work on the study of flow past a permeable
sphere in a viscous fluid. Latter Woolfersdrof [20], Padmavathi
et al. [21] and Usha [22] have studied flow past a permeable
sphere in viscous fluid. Srinivasacharya and Krishna Prasad
[23] obtained the flow due to a rotation of a spherical container
with a porous lining at the centre of the sphere. Recently Sri-
vastava [24] discussed the flow due to rotation of axially sym-
metric body. Uniform flow and Oscillatory flow of an
incompressible Couple stress fluid past a permeable sphere
were studied by Ramana Murthy and Aparna [25,26]. Stokes
Flow of an incompressible Couple Stress Fluid past a porousPlease cite this article in press as: Aparna P et al., Couple on a rotating permeable sph
asej.2016.03.012spheroidal shell was studied by Sai Lakshmi Radhika and
Iyengar [27]. Analytical Solutions of some fully developed
flows of Couple Stress fluids between concentric cylinders with
slip boundary conditions were studied by Devakar et al. [28].
The micro-polar fluid theory and the couple stress fluid the-
ory both explain the effect of micro structures of the fluid par-
ticles and final equations for swirl or stream functions are
similar. But the solutions obtained for micro-polar fluids and
for couple stress fluids may differ. In the present paper, the
flow generated in a couple stress fluid due to a steady rotation
of a permeable sphere is considered. We observe that the solu-
tion differs from the solution for the case of micro-polar fluids
[29].
2. Statement and formulation of the problem
The continuity equation is
dq
dt
þr  ðqqÞ ¼ 0 ð1Þ
The equations of motion of a couple stress fluid as pro-
posed by Stokes [12,13] are
q
dq
dt
¼ rpþ lr2q gr4q: ð2Þ
where q is density, q is velocity vector, p is pressure, l, g are
material constants. l has dimensions ML1 T1. For incom-
pressible fluids, Eq. (2) reduces to
r  q ¼ 0: ð3Þ
We Consider the steady rotation of a permeable sphere of
radius a with angular velocity X in an infinite expanse of
incompressible couple stress fluid which is otherwise at rest.
The angular speed X is assumed to be so small that, in the gen-
erated flow due to rotation, the convective terms in Eq. (2) can
be neglected. Since the flow is assumed steady, q is independent
of time t. Now Eq. (2) reduces to
rp ¼ lr2q gr4q: ð4Þ
We take a spherical polar coordinate system ðR; h;/Þ with
the centre of the sphere as origin and z-axis along the axis of
rotation and with ðer; eh; e/Þ as base vectors. By the physical
nature of the problem, the flow is axi-symmetric and hence
all physical quantities are independent of /. To satisfy incom-
pressibility condition (3) we assume that velocity vector is
expressed in terms of W (= swirl = moment of velocity) as
follows,ere in a couple stress fluid, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.
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h3
 
e/: ð5Þ
Eq. (4) can be rewritten in the form
rp ¼ lrr q grrrr q: ð6Þ
Substituting (5) in (6), we notice that W satisfies the
equation,
E20 E
2
0 
k
a2
 
W ¼ 0 ð7Þ
where
E20 ¼
@2
@R2
þ 1
R2
@2
@h2
 cot h @
@h
 
;
k2 ¼ la
2
g
¼ couple stress parameter2:
We introduce the following non-dimensional scheme:
R ¼ ra; W ¼ wXa2; E20 ¼
1
a2
E2; P ¼ plX;
e ¼ g
g0
¼ relative couple stress parameter:
The non-dimensional form of Eq. (7) is
E2ðE2  k2Þw ¼ 0 ð10Þ
Let w ¼ we; p ¼ pe for rP 1 in the external flow region I
ð11Þ
w ¼ wi; p ¼ pi for r 6 1 in the internal flow region II ð12Þ
The solution of the problem for the regions I and II is sub-
jected to the conditions as below:
Region I Region II
E2ðE2k2Þwe¼ 0 E2ðE2k2Þwi¼ 0
ðiÞ Lt
r!1
we¼ 0 Lt
r!0
wi¼ 0
ðiiÞ we¼ sin2 h¼ 2G2ðxÞ on r¼ 1 wi¼ sin2 h¼ 2G2ðxÞ on r¼ 1
ðiiiÞMrr¼ 0 andMrh¼ 0 on r¼ 1 for external and internal flows
ðtype A conditionÞ
Or xe¼xi¼ 1=2 curl q on r¼ 1 ðtype B conditionÞ
ð13Þ
The condition (i) is regularity condition at infinity for the
external flow and finiteness of the solution at origin for the
internal flow. Condition (ii) is no slip condition.
The velocity of the fluid on the boundary is equal to veloc-
ity of the boundary. The condition (iii) is one of the two types
A or B.
Type-A condition: This is same as vanishing of couple stres-
ses on the boundary. The components of couple stresses which
contribute to couple are taken as zero on the boundary. Hence,
we haveMrh = 0 andMrr = 0 on r= 1. The couple stress ten-
sor M follows the constitutive equation:Please cite this article in press as: Aparna P et al., Couple on a rotating permeable sph
asej.2016.03.012M ¼ mIþ 2grðr qÞ þ 2g0rðr  qÞT
¼ mþ 2ðgþ g0Þ @
@R
1
R2 sin h
@w
@h
  
erer
þ mþ 2ðgþ g
0Þ
R2 sin h
 @
2w
@R@h
þ coth @w
@R
þ 1
R
@w
@h
  
eheh
þ 2g 1
R2 sin h
@w
@R
 1
R sin h
@2w
@R2
 
þ 2g
0
R2 sin h
1
R
@2w
@h2
 coth
R
@w
@h
þ @w
@R
 
ereh
þ 2g0 1
R2 sin h
@w
@R
 1
R sin h
@2w
@R2
 
þ 2g
R2 sin h
1
R
@2w
@h2
 coth
R
@w
@h
þ @w
@R
 
eher
þ mþ 2ðgþ g
0Þ
R2 sin h
1
R
@w
@h
 coth @w
@R
  
e/e/
ð14Þ
From the condition that Mrh = 0 on r= 1, we get
eE2w ð1þ eÞ @
2w
@r2
 1
r
@w
@r
 
¼ 0: ð15Þ
Substituting w ¼ wG2ðxÞ, the condition (15) reduces to
eD2w ð1þ eÞ d
2w
dr2
 dw
dr
 
¼ 0 on r ¼ 1 ð16Þ
where D2 ¼ d2
dr2
 2
r2
. TakingMrr ¼ 0 on r= 1, the condition for
finding normal couple stress component m ¼ m cosh is
obtained as
m ¼ 4ð1þ eÞ dw
dr
 2w
 
: ð17Þ
The conditions (16) and (17) are for internal and external
flows.
Type B condition: This is same as the super adherence con-
dition of angular velocity vector x, which means that the angu-
lar velocity of a fluid particle on the boundary is same as the
angular velocity of the boundary.
i.e., r qC ¼ ðr  qÞC on the boundary C : r ¼ 1 along the
tangential direction.
i:e:;
@w
@r
¼ 2 sin2 h on r ¼ 1 ð18Þ3. Solution of the problem
By the linearity of the problem and commutability of the oper-
ators E2 and ðE2  k2Þ, the solution of Eq. (10) can be taken in
the form
w ¼ w0 þ w1 ð19Þ
where
E2w0 ¼ 0 ð20Þ
ðE2  k2Þw1 ¼ 0 ð21Þ
The solution of above Eqs. (20) and (21) which satisfies the
boundary condition (i) for the external and internal flow is
given byere in a couple stress fluid, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.
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r
þ b1
ﬃﬃ
r
p
K3=2ðkrÞ
n o
G2ðxÞ ð22Þ
wi ¼ a2r2 þ b2
ﬃﬃ
r
p
I3=2ðkrÞ
	 

G2ðxÞ
where G2ðxÞ ¼ 12 ð1 x2Þ; x ¼ cos h is Gegenbauer polynomial
of degree 2, I3=2ðk1rÞ and K3=2ðk1rÞ are modified Bessel func-
tions of first and second kind of order 3/2. The constants a1,
b1, a2, b2 in (22) are found by applying the boundary condi-
tions (ii) and (iii) above.
a1 þ b01 ¼ 2 and a2 þ b02 ¼ 2 ð23Þ
where b01 ¼ b1K32ðkÞ and b
0
2 ¼ b2I32ðkÞ.
This result for external flow is similar to the result obtained
by Lakshmana Rao et al. [18].
From Type A condition (16), the following equations are
obtained:
3ð1þ eÞa1 þ ½ð1þ eÞð2þ DÞ þ k2b01 ¼ 0 and b2 ¼ 0 ð24Þ
This Eq. (24) is obtained by the following identity
d
dx
ﬃﬃﬃ
x
p
K3
2
ðaxÞ
 
¼ 
K3
2
ðaxÞDðaxÞﬃﬃﬃ
x
p ; with DðxÞ ¼ 1þ xþ x
2
1þ x
Solving these Eqs. (23) and (24) we get
b01 ¼
6ð1þ eÞ
ð1þ eÞð1 DÞ  k2 ; a1 ¼ 2 b
0
1;
a2 ¼ 2 and b2 ¼ 0 ð25Þ
In all the equations, D represents D(k).
For Type B condition, we get the following equations:
a1 þ b01 D ¼ 4 and b2 ¼ 0: ð26Þ
Solving these Eqs. (23) and (26) we get,
b01 ¼ 6=ð1 DÞ; a1 ¼ 2 b01; a2 ¼ 2 and b2 ¼ 0: ð27Þ
Both the conditions of type-A and type-B give b2 = 0 for
internal flow. i.e., the internal flow reduces to viscous fluid
case. This means that the internal and external flows are inde-
pendent i.e. under Stokesian assumption, the external flow
cannot influence the internal flow. As k?1, we can obtain
the flow due to a viscous fluid as given in Kanwal [2], Lamb
[30].
4. Couple due to stress tensor
The couple acting on the sphere due to stress tensor is given by
C ¼ 2pa3
Z p
0
Tr/ sin
2 h dh ð28Þ
The stress tensor T for couple stress fluids is given by the
constitutive equation.
T ¼ pIþ kðr  qÞIþ l rqþ ðrqÞT	 
þ 1
2
I ðDiv Mþ qcÞ
ð29Þ
By constitutive equation for couple stress tensor in Eq. (14),
we have
Div M ¼ rm 2grrr q ð30Þ
From the form of q in Eq. (5) we notice thatPlease cite this article in press as: Aparna P et al., Couple on a rotating permeable sph
asej.2016.03.012Div M ¼ rmþ 2gr E
4w
h3
 
e/
¼ rmþ 2g
R sin h
1
R
@
@h
E20wer 
@
@R
E20weh
 
ð31Þ
substituting (31) in (29) we get the stress tensor as
T ¼ Pðerer þ eheh þ e/e/Þ þ l
R sin h
@w
@R
 2w
R
 
ðere/ þ e/erÞ
þ l
R2 sin h
@w
@h
 2cothw
 
ðehe/ þ e/ehÞ
þ 1
2
@m
@R
þ 2g
R2 sin h
@
@h
E2w
 
ðe/eh  ehe/Þ
þ 1
R
@m
@h
 2g
R sin h
@
@R
E2w
 
ðere/  e/erÞ
Hence r/ component of T is given by
Tr/ ¼ l
R sin h
@W
@R
 2W
R
 
þ 1
R
@m
@h
 2g
R sin h
@
@R
E2W
 
ð32Þ
The value of m at any point within the fluid is indeterminate
one. But the value of m on the boundary is known from (17).
Taking w ¼ w sin2 h ¼ ðw0 þ w1Þ sin2 h and m ¼ mðrÞ cos h, Eq.
(33) in non-dimensional form on r= 1 is given by
Tr/ ¼ lX dw
dr
 2wm
 
 gX
a2
d
dr
ðk2w1Þ
 
r¼1
sin h ð33Þ
By the definition of k2 in Eq. (7), Eq. (33) reduces to
Tr/ ¼ lX d
dr
ðw w1Þ  2wm
 
r¼1
sin h: ð34Þ
Substituting (34) in the expression for couple in (28), we
have
Ct ¼ 2pa3lX
Z p
0
dw0
dr
 2wm
 
r¼1
sin3 hdh
¼ 8
3
pa3lX
dw0
dr
 2wm
 
r¼1
ð35Þ
Now the couple due to stress tensor for external flow Ct ex
and for internal flow Ct in are given by
Ct ex ¼  8
3
plXa3fa1 þ 4þmg
¼  8
3
plXa3 ð3þ 4eÞða1 þ 4Þ þ 2ð1þ 2eÞDb01
	 
 ð36Þ
Ct in ¼  8
3
plXa3m ¼  32
3
plXa3ð1þ eÞ dw
dr
 2w
 
¼ 0
ð37Þ5. Couple due to Couple Stress Tensor
Couple Cm due to couple stress tensor is
Cm ¼ 2pa2
Z p
0
ðMrr cos hMrh sin hÞ sin h dh ð38Þ
Eq. (14) for couple stress tensor M givesere in a couple stress fluid, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.
Figure 1 Rotating permeable sphere.
Swirl at e = 2.5, x = 0.2 for Type- A Condition 
Figure 2 Variation of swirl for various values of k.
Swirl at e = 0.5,  5=λ  for Type- A Condition 
Figure 3 Variation of swirl for values of x= cosh.
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@R
1
R2 sin h
@w
@h
 
¼ mþ 2gð1þ eÞX
a
1
r2
dw
dr
 2w
r3
 
cos h ð39Þ
Mrh ¼ 2g
R sin h
1
R
@w
@R
 @
2w
@R2
þ e 1
R2
@2w
@h2
 cot h
R2
@w
@h
þ 1
R
@w
@R
  
ð40Þ
Since we assumed that the couple stresses on the boundary
are zero in type A condition, the couple due to couple stress
tensor is zero. For type B condition, from Eq. (18), Mrr and
Mrh are reduced to the following:
Mrr ¼ m cos h and Mrh ¼ 2gX
a
ðk2w1Þ sin h ð41Þ
Substituting (42) in (39), we get the couple due to couple
stress tensor as
Cm ¼ 8
3
plXa3ðm k2w1Þ ð42Þ
From (42), Cm ex couple due to external flow is given by
Cm ex ¼ 8
3
plXa3ðm k2b01Þ ð43Þ
The couple due to internal flow is zero. The total couple C
acting on the sphere is obtained by adding (35) and (42).
C ¼ Ct þ Cm ¼ 8
3
pa3lX
dw0
dr
 4 k2w1
 
¼  8
3
pa3lXða1 þ 4þ k2b01Þ ð44Þ
From Eq. (44) we note that the couple due to internal flow
is zero for both Type-A and Type-B conditions. For external
flow, expression (44) is evaluated separately for type-A and
type-B conditions. As k?1, we see that C ¼ 8pa3lX which
is the classical result obtained by Kanwal [2], Lamb [30] and
Srivastava [24] when source term is zero.
6. Results and discussion
In this paper, the Couple stress fluid flow generated due to
steady rotation of a permeable sphere is considered. The flow
is depending on two independent physical parameters repre-
senting effect of couple stresses, namely couple stress parame-
ter k and relative couple stress parameter e. In the couple stress
parameter k, the material parameter due to couple stress g is in
the demoninator. This indicates that more the values of k, les-
ser the effect of couple stresses. Hence as k?1, we get the
case of viscous fluids. Since the flow is solely due to rotation
of the sphere, only swirl w exists and its Eq. (10) is solved
under no slip condition, regularity condition at infinity and
Type-A vanishing couple stress condition or Type-B super
adherence of vorticity condition. By examining swirl w, it is
observed that, in the case of couple stress fluids, internal flow
and external flow are independent. This means, the flow is not
influenced by the permeability of the sphere. The internal flow
is like a rigid body rotation as in the case of viscous fluid and
hence couple stresses do not affect the internal flow. Couple
due to stress tensor and couple stress tensor depends on m.
But we notice that total couple due to stresses and couple stres-Please cite this article in press as: Aparna P et al., Couple on a rotating permeable sphere in a couple stress fluid, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.
asej.2016.03.012
Swirl at x = 0.2,  5=λ  for Type- A Condition 
Figure 4 Variation of swirl for various values of e.
Swirl at x = 0.2, for Type-B Condition      
Figure 5 Variation of swirl for Type-B condition.
Swirl at e = 0.5,  5=λ  for Type- B  Condition 
Figure 6 Variation of swirl for various values of x.
Figure 7 Variation of couple for various values of e.
Figure 8 Variation of couple for various values of k.
6 P. Aparna et al.ses is independent of m. The quantity m= Tr M is indeter-
minable if type B condition is taken. If the condition Tr
M= 0 is taken (which is similar to the condition for incom-
pressible flows Tr T= 0), we get m= 0 m can be evaluated
on the boundary if type A condition is taken. This is a case
of departure from micro-polar fluids in which case internal
flow is effected by micro-polarity parameters and hence inter-
nal flow is not independent of external flow in the case of
micro-polar fluids [29] (by taking frequency parameter zero,
this case is compared with our present result).
Vanishing of couple stresses on the boundary is Type A
condition. Super adherence (i.e. angular velocity of the fluid
particle on the boundary is same as angular velocity of the
boundary) is Type B condition. Both the conditions are justi-
fied. But which condition is to be taken is not yet establishedPlease cite this article in press as: Aparna P et al., Couple on a rotating permeable sphere in a couple stress fluid, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.
asej.2016.03.012
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Figure 9 Contours of swirl for different values of k at e= 0.4.
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Figure 10 Contours of swirl for different values of e at k= 2 for Type-A condition.
Couple on a rotating permeable sphere 7by experimental investigation. Stokes [8], in his book, obtained
solutions by using both the conditions. Here we also employed
both the type A and type B conditions. Since Type-A condition
gives the effect of e (ratio of couple stress material constants),
the authors feel that the type A condition is more natural to
use (see Fig. 1).
From Fig. 2, for type A condition, it can be observed that
internal flow is independent of k and for external flow as k
value increases, the swirl decreases. For small values of k, we
observe that in the vicinity of the sphere, the swirl of fluid par-
ticles is more than the swirl of the sphere. This may be due to
the couple stress effect. For viscous fluids, this effect cannot be
observed. From Fig. 3, it is observed that as x increases, swirl
decreases and the swirl is maximum at x= 0, which means at
h= p/2, i.e. at the top pole of the sphere, swirl is maximum.
From Fig. 4, it is noted that swirl/velocity increases, as the
value of e increases. But this variation is less and very less,
which means that the effect of e on swirl is unnoticeable. From
Fig. 5, it is observed that the swirl in the case of Type-B con-
dition is more than 1 near to the sphere and these values are
more than those of the values in the case of type-A condition.
For type A condition, couple is due to the stress tensor only. InPlease cite this article in press as: Aparna P et al., Couple on a rotating permeable sph
asej.2016.03.012this case, as k value increases and when e is increasing, couple
also increases. From Fig. 6, we can notice that the effect of e
on couple is significant. But for swirl (Fig. 4), the effect of e
is not significant. For type B condition, couple is due to stress
tensor and couple stress tensor. It can be observed from Fig. 7
that, in comparing type A condition, the couple in type-B con-
dition is almost double than the couple in the case of type-A
condition. (Fig. 5). This implies that the ratio of couple stress
viscosities, e plays an important role in Type-A condition (see
Fig. 8).
For Type-B condition, it can be noticed that as k increases,
couple increases almost linearly (Fig. 7). In type-A condition,
as k increases, after certain values, Couple is almost constant.
Since, swirl and Couple both have high values for type-B con-
dition, this condition predicts the effect of couple stresses.
Hence we can say that type-B condition is more natural.
In Figs. 9–11 the contours of swirl for Type-A and Type-B
conditions are presented. It is observed that the swirl internal
to the sphere is constant along a straight line perpendicular to
axis of symmetry. We can notice that for Type-B condition,
swirl is more. (The more the white region, the more are the
values of swirl. The negative and small values of swirl areere in a couple stress fluid, Ain Shams Eng J (2016), http://dx.doi.org/10.1016/j.
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Figure 11 Contours of swirl for different values of k for Type-B condition.
8 P. Aparna et al.indicated by black region.) This means that Type-B condition
shows the effect of couple stresses more prominently than
Type-A condition. In both cases of Type-A and Type-B condi-
tions, we notice that as k values are increasing, the values of
swirl are decreasing. (Since black region increases.) This shows
that for viscous fluid case, the swirl will be less in comparison
with couple stress fluid. For type-B condition, we notice that
for small values of k, constant values of swirl form a circular
tube, but when k increases, the circular tubes move near to
the poles and disappear. This means that swirl is maximum
near to the poles and least along the equator.
7. Conclusions
In this paper, the flow generated due to a permeable sphere in a
couple stress fluid is studied.
1. In Figs. 9–11, all particles perpendicular to the axis of rota-
tion are on a line, indicating that the interior to the sphere
the flow is like a rigid body motion.
2. The fluid particles get maximum swirl near to the cap (pole)
of the sphere (white region in Figs. 9–11 indicates maxi-
mum value).
3. Interior flow is independent of external flow in couple stress
fluids. It is in contrary to micropolar fluids which are sim-
ilar to couple stress fluids.
4. As couple stress parameter increases, the swirl of the fluid
particles decreases near to the body. This indicates that
the swirl for viscous fluids is less than the couple stress flu-
ids. It can be concluded that in couple stress fluids, the fluid
particles are thrown far from the sphere and hence will have
more swirl and more couple. This result may have practical
applications to industries.
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